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LIPID ACCUMULATION IN PRE-ATHEROSCLEROTIC PIGEON AORTAS
by
ROBERT JAMES NICOLOSI
Since conventional methods for analyzing lipids are 
often tedious, applicable only to samples within a narrow 
size range, and limited to specific lipid classes, a new 
method for quantitating the lipid content of pigeon aortas 
and pigeon aorta cells was developed. Cholesteryl ester, 
triglyceride, free fatty acid, sterol, and phosphatidyl cho­
line were separated on thin-layer chromatograms (TLC) and 
estimated fluorometrically by means of a recording TLC scanner 
after spraying with Rhodamine 6G. Quantitation was effected 
by comparing the fluorescence of each sample spot with that 
of several concentrations of a similar fraction from a stand­
ard lipid mixture separated on the same chromatogram. One 
linear relationship existed for concentrations of standards 
over the range of 0.0 to 3*0 micrograms and another line from
3.0 to 130 micrograms. The accuracy of the method with stand­
ard lipids was ± 0.2 micrograms at the 99.8$ confidence 
level, and the precision of analyses of biological lipid 
extracts was i 0.2 micrograms from the mean value at the 
99.5$ confidence level.
With the method developed lipid contents in straight 
portions of the upper thoracic aorta and in muscular foci 
from the celiac bifurcation of atherosclerosis-susceptible
v
White Carneau and atherosclerosis-resistant Show Racer pigeons 
were determined. In both breeds, the celiac cushion contained 
significantly more lipid than the upper thoracic aorta suggest­
ing a localized metabolic disturbance in areas of branching. 
Furthermore, while amounts in the upper thoracic aortas of 
both breeds were similar, pre-atherosclerotic White Carneau 
pigeons had significantly more lipid (l.6 fold) in the celiac 
cushion than did the Show Racer pigeons of the same age.
In order to determine whether the greater lipid con­
tent in White Carneau cushions resulted from a cellular de­
fect. aorta cells were cultured from straight portions of 
upper thoracic aortas of embryonic White Carneau and Show 
Racer pigeons for lipid analysis. However, conventional cen­
trifugation of these pigeon aorta cultures caused loss of 
vacuolated, lipid-laden cells, and a new cell harvesting pro­
cedure based on centrifugal filtration had to be developed.
This procedure permitted more efficient collection of cells, 
fragments, and molecular complexes such as deoxyribonucleic 
acid (DNA) and lipid. To evaluate the procedure comparisons 
were made between the DNA and lipid (cholesteryl ester and 
triglyceride) contents of vacuolated cells collected by sedi­
mentation and those of cells harvested by centrifugal fil­
tration. Cells harvested by filtration had greater amounts 
of DNA (l.64 fold), cholesteryl ester (l8.9 fold) and tri­
glyceride content (9*0 fold) than cells collected by conven­
tional sedimentation. Application of this method to the pigeon 
aorta cell cultures demonstrated that cells cultured from
straight portions of the upper thoracic aorta of White Carneau 
pigeons contained significantly more lipid (l.5 fold) than 
those cultured from similar segments of Show Racer aortas.
These results implicate cell metabolism as a factor responsible 
for lipid accumulation in susceptible pigeon aorta cultures 
since culture media were identical for both breeds.
Correlations of the in vivo and in vitro lipid analy­
ses suggest that as a result of physiological stresses at 
branch points in the aorta, differences between metabolic 
capabilities of aortic smooth muscle cells in these breeds 
of pigeons become manifested.
INTRODUCTION
Atherosclerotic heart disease accounts for over
600,000 deaths annually in the United States, and together 
with hypertension, is the major pathological process causing 
morbidity and mortality today. Although it is one of the 
most intensively studied diseases, lack of any significant 
breakthrough in prevention or treatment prompted the World 
Health Organization to state in 19^9 that heart disease in 
its various forms was becoming the greatest epidemic mankind 
has ever faced (l). As of today, concentrated research into 
the cause and prevention has yet to reverse this trend.
In order to explain the genesis of atherosclerotic 
lesions, various hypotheses have been proposed implicating 
such factors as serum lipid infiltration (2 ), hemodynamic 
stresses (3)> and thrombogenesis (4). Recently, attention 
has been focused on identifying the metabolic factor(s) in 
the cells of the arterial wall which predispose to athero­
sclerotic involvement (2 ,5 ).
To test the hypothesis of altered metabolic capabili­
ties in cells of the arterial wall, an animal system was needed 
which not only was susceptible to spontaneous atherosclerotic 
changes resembling the human disease but which also contained 
individuals differing in susceptibility to the disease.
Clarkson et. al. (6) and more recently Santerre et. a l . (7 )
performed histochemical and ultrastructural studies which 
demonstrated that muscular foci at the celiac bifurcation of 
atherosclerosis-susceptible White Carneau and resistant
Show Racer pigeons were suitable models for the study of 
metabolic parameters associated with atherogenesis.
Smith et al. (8 ,9 ) previously demonstrated a mito­
chondrial defect in White Carneau pigeon aorta cells in vitro 
presumably due to a deficiency of an essential fatty acid, 
arachidonic acid. Mitochondria in these cells lacked phos- 
phorylating ATPase activity and were deficient in oxidative 
capability. It was suggested that an inherent defect in oxi­
dative capacity led to lipid overloads and transformation of 
mitochondria to lipid vacuoles.
The objectives of this investigation were: (l) to
compare the lipid content between specific areas of aortas 
from pre-atherosclerotic White Carneau and resistant Show 
Racer pigeons; and, (2 ) to determine whether differences 
existed in the lipid content of cells cultured from embryonic 
aortas of both breeds which would resemble those found in vivo. 
Detection of such differences would provide the groundwork 
for future tracer studies to characterize the mechanism(s) 
of lipid accumulation.
In order to analyze the lipid content in both the 
above systems, a fluorometric method for quantitating micro­
gram amounts of lipid was developed (Part I). With this 
method differences were demonstrated in lipid content between 
upper thoracic portions and celiac cushions of the same aorta, 
as well as between celiac cushions of the susceptible White 
Carneau and resistant Show Racer pigeon (Part II).
With the development of a new cell harvesting pro­
cedure (Part III) t it was possible to demonstrate a similarity 
between types of lipid which accumulated in pre-atherosclerotic 
foci in vivo and in aorta cells cultured from embryonic pigeon 
aortas.
The manuscript presented as Part I has been published 
in the Journal of Chromatography (10), while Part III has 
been published in Experimental Cell Research (ll), Part II 
will be submitted to Experimental and Molecular Pathology.
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SUMMARY
Cholesteryl ester, triglyceride, free fatty acid, 
sterol, and phosphatidyl choline were separated on thin-layer 
chromatograms (TLC) and estimated fluorometrically by means 
of a recording TLC scanner after spraying with Rhodamine 6G. 
Quantitation was effected by comparing the fluorescence of 
each sample spot with that of several concentrations of a 
similar fraction from a standard lipid mixture separated on 
the same chromatogram. One linear relationship existed for 
concentrations of standards over the range of 0.0 to 3*0 micro­
grams and another line from 3.0 to 130 micrograms. The accu­
racy of the method with standard lipids was ± 0.2 micrograms 
at the 99*8$ confidence level, and the precision of analyses 
of biological lipid extracts was ± 0.2 micrograms from the 
mean value at the 99*5$ confidence level.
v
INTRODUCTION
Methods for estimating submilligram amounts of
lipid classes require either elution of the separated spots
from a thin-layer chromatogram (TLC) followed by chemical
analysis or direct quantitation of the spots by densitometry.
Direct quantitation on thin-layer chromatograms eliminates the
tedious recovery procedures necessary in elution methods^.
Recently, steroids have been quantitated directly on
2 3
a thin-layer chromatogram by fluorometry ’ . Fluorescence
measurements have been reported to be most economical of time
and effort in estimating, as well as identifying, microgram
1 2amounts of complex compounds in test mixtures ' .
Compared to densitometric methods fluorometric
2 4quantitation: is generally more sensitive ’ ; eliminates the
k
effects of light scattering ; is independent of the chromato-
4 /
gram absorbent ; and, permits the use of absorption and/or
fluorescence-spectra on the same plate when it becomes nes-
2.4essary to localize zones of a compound * .
This communication describes a technique for the
direct and simultaneous fluoremetric analysis of five lipid
classes separated on thin-layer chromatograms, a method
which is applicable over a wider range of sample sizes than
5 6several reported densitometric analyses ’ and which permits 
the quantitation of those phospholipid classes which can be 
induced to fluoresce in the U.V. range.
1
2EXPERIMENTAL 
Materials and Methods 
Reagents
All solvents were reagent grade and redistilled prior
to use.
Standard Lipid Mixture
Highly purified (99+$) lipids were obtained as 
follows: cholesterol and glyceryl trioleate from Applied
Science Laboratories, State College, Pa,; 1,2-dipalmitoyl-sn- 
glycero-3-phosphorylcholine from Mann Research Laboratories,
New York, N.H.; stearic acid from Calbiochem, Los Angeles,
Calif.; cholesteryl laurate from Dr. P. Smith, Dept, of Micro­
biology, Univ. of S. Dakota. All compounds migrated as homo­
geneous spots on TLC.
Ten milligrams of each of the above reference stand­
ards were dissolved in methylene chloridetmethanol (2:1, v/v) 
to a final concentration of one microgram of each lipid per 
microliter of solution. The 2:1 (v/v) solvent ratio of methy­
lene chloride:methanol provided optimal solubility for the 
five lipid classes.
An aliquot of the solution was evaporated to dry­
ness and resuspended in methanol:methylene chloride (9sl» v/v ) 
for hydrogenation by the micro-hydrogenation procedure of Far-
n
quhar . Hydrogenation was carried out for k-'j hrs. using 30 
mg. of PtO-j as catalyst. After hydrogenation, the catalyst was
3removed by filtration, the solution evaporated to dryness 
under nitrogen and the residue redissolved in methylene 
chloride:methanol (2:1, v/v).
Biological Samples
Extraction. Lipid extracts from tissue cultures 
(low-line Mouse Fibroblasts, NCTC #2555; embryonic chick 
fibroblasts; embryonic chick and duck kidney epithelial 
cells; and pigeon aorta cells) and a tissue homogenate 
(chicken liver) were prepared according to the method of
g
Folch et_ al . Following extraction, the lipid solution was 
evaporated to dryness and brought to volume in a volumetric 
flask using methylene chloride:methanol (2:1, v/v).
Hydrogenation. The extracted lipid solution was 
hydrogenated in the same manner as the standard lipid mix­
ture .
Thin-Layer Chromatography
Solvent Systems. Developing Chambers and Plates.
Solvent I - Diethyl ether:glacial acetic acid;petrol- 
eura ether (20:2:78)
Solvent II- Chloroform:methanol:glacial acetic acid: 
water (65:20:6:4)
The inner wall of the TLC chamber was lined with 
filter paper to increase saturation for more even migration 
of lipid and solvent front across the TLC plate.
Just prior to use, chromatoplates (20x20 cm) with 
a 0.2 5 mm layer of Silica Gel G (Merck, Darmstadt, Germany)3 
were placed in a developing chamber containing Solvent 1 for 
pre-washing. Thi-. step was necessary to move organic con­
taminants to the uppermost edge of' the chromatnpiates,
After- a lowing the plate to dry, a light pencil line was 
drawn across the absorbent side of the plate 4.5 cm from the 
bottom to serve as the spotting line.
On the reverse side of the plate (glass side) a 
score mark was made with a glass cutter 5*0 cm from the 
bottom of the plate and parallel to the pencil line on the 
absorbent side. The plate was then activated for 30 min. at 
110°C.
Application of Sample
All solut i ons to be spotted were evaporated to dry­
ness in a centrifuge tube, resuspended in 50 microliters of 
methylene chloridermethanol (2:1, v/v) and spotted. The tube 
was rinsed with an additional 50 microliters of solvent which 
was also spotted in each case.
Samples were spotted 2.2 cm apart along the sample 
line using a 50 microliter Hamilton syringe with a repeating 
dispenser (Hamilton Pb-600). A warm air blower was positioned
Merck plates are preferred because the Silica Gel G layer 
does not slough off when sprayed to saturation with Rhodamine 
6G *
5under the plate to facilitate drying of the sample spotted 
on the plate. Spot size was not allowed to exceed 4 mm.
Eight spots, 1,2,3,5♦15*25> and 35 ug standard lipid mixture 
and the sample to be assayed were applied to the plate. 
Development of Chromatograms
After spotting, the plate was developed in Solvent 
I for approximately 45 minutes until the solvent front was 5*0 
cm from the top of the plate to separate simple lipids. The 
plate was then removed from the chamber, dried and broken 
along the scored line. The plate section containing the origin 
was then rotated 180 degrees and developed in Solvent II in a 
direction opposite to that in Solvent I. The solvent was allowed 
to rise until the solvent front was just at the top edge of the 
plate to separate complex lipids from non-lipid material 
which remained at the origin.
Spraying. After the plates were dried with warm 
air from a blower, the two sections were placed in a chroma­
tographic plate spray shield (Supelco Inc., Bellefonte, Pa.).
They were then sprayed to saturation four successive times
q
with Rhodamine 6G and dried between each spraying with warm
air from a blower.
Fluorometric Scanning. Fluorometric measurements
were performed with a Turner Model 111 Filter Fluorometer and
3
a Camag-Turner Model 2 Automatic TLC Scanner .
A low pressure, mercury, far-U.V. lamp with maximum 
emission at 254 mu was installed in combination with the 
primary filter, Corning 7-54 (Turner 110-811) (transmittance
6from 220-400 m u ) . A Turner 110-815 U.V. absorbing filter 
(transmittance at 254-300 mu) was used in addition to the 
primary filter. The secondary filter most commonly used was 
a Turner 110-824 (color spec. #23A; max. transmittance at 
570 mu) in combination with a Turner #110-823L range extension 
filter (transmission 10$). A sensitivity adjustment of 3x 
and excitation slit width of 3 mm. were optimal in most 
cases.
Emitted fluorescence was plotted on a Westronics 
Strip Chart Recorder (Model #D113) with a chart speed of 
24 in./hr.
The scanning direction was perpendicular to 
chromatographic resolution in order to scan all spots of the 
same class on the same recorder tracing.
Integration and Calculation. Fluorescence response 
peak areas for concentrations of samples and standards were 
determined by triangulation or planimetry and expressed in 
units of square millimeters.
Quantitation of the sample lipid classes was effected 
by comparing the peak area for each class with the standard 
curve for each lipid class derived from various quantities of 
standard spotted on the plate.
I7
RESULTS AND DISCUSSION
Role of Unsaturation as a Quenching Factor
Both unsaturated standard lipids and biological 
extracts could not be induced to fluoresce completely with 
Rhodamine 6G in the U.V, range and, therefore, could not be 
quantitated without prior hydrogenation. Unsaturated lipid 
samples having a large free fatty acid fraction displayed 
a characteristic purple-blue ring at the periphery of this 
spot. Upon hydrogenation, this quenching ring disappeared 
(Figure l). Although this quenching ring was not so apparent 
visually in those lipid classes containing esterified unsat­
urated fatty acids (triglyceride, cholesteryl ester, and 
phosphatidyl choline), quantitation of these classes was also 
impossible prior to hydrogenation. After hydrogenation, no 
difficulty was experienced in quantitation, and comparisons 
of gas-liquid chromatographic analyses before and after hydro­
genation showed that all unsaturated fatty acids had been sat­
urated.
The mechanism by which unsaturation interferes 
with fluorescence from Rhodamine 6G is not known. It is pos­
sible that double bonds offer some steric hindrance to maximal 
association of Rhodamine dye with the lipid since as the 
number of double bonds increased the purple quenching ring 
increased progressively in size. A saturated fatty acid such 
as stearic acid had no quench ring while mono-, di-, tri-, 
and tetraenoic acids (oleic, linoleic, linolenic, and
8arachidonic acids) had progressive larger ones. Although not 
a similar effect, Nutter and Privett^ demonstrated that 
unsaturation interfered with quantitation of lipid classes 
by charring and densitometry.
Range of Method
Estimates of useful ranges of the method appear in 
Table I. The differences in the limits of the upper and lower 
ranges for various classes are a function of degree to which 
the lipid molecules can be induced to fluoresce in the U.V. 
range with Rhodamine 6G (Cholesterol was the least efficient 
in this respect.), and the spot size which is influenced by 
migration distance and solubility in solvent. Any lipid classes 
with a spot size larger than 1 5 mm. (the width of the window 
slit of the TLC scanner) had lower upper limits. This was 
a limiting factor in the free fatty acid, triglyceride, and 
cholesteryl ester classes.
Accuracy and Precision
Accuracy of the method was determined by repeated 
analyses of aliquots of standard lipid and by comparison of 
fluorometric TLC and GLC quantitation of two aliquots of the 
free fatty acid fraction from chick liver homogenate. The 
accuracy was obtained by applying least squares analyses to 
sets of data points from 2 3 standard curves for each class 
over various ranges of concentrations. The predicted values 
as determined by least squares analyses were compared to actual 
values to obtain the residual errors for each lipid class.
9Accuracy of the method was then established by determining
12confidence limits for the residual errors of each standard
lipid class. Accuracy of the method was ± 0 . 2  ug for each
lipid class at the 99*8$ confidence level.
Fluorometric quantitation of the free fatty acid
fraction of the tissue homogenate (25.4 micrograms) was within
4.9$ of the GLC value (26.7 micrograms).
Replicate analyses of twenty-five paired aliquots
representing five different biological systems appear in
Table II, Confidence limits were established for the differences
of replicate analyses from the mean values as an estimate of
13precision of the method . The precision of the method 
between two replicate analyses was ± 0.2 micrograms from the 
mean value at the 99*5$ confidence level. As was reported by 
Zurther et a l . ^  and Pataki'*'"*', accuracy and precision of any 
direct quantitative method are entirely dependent on standardi­
zation such factors as: application of substance; chromato­
graphy; developing distance; drying; scanning of the chroma­
togram; and spraying to saturation for uniform background.
Such factors were strictly controlled in this method.
Recovery Data
Recoveries of different quantities of standards of 
each of the five lipid classes added to lipid extracts from 
six different biological systems are shown in Table III, The 
per cent recoveries for this method are similar to those re-
14ported by Backorik and Rogers for the direct fluorometric 
assay of conjugated bile acids.
10
The results summarized in this paper demonstrate the
applicability of in situ fluorometry to lipid class analyses.
In addition to the five classes described herein, preliminary
work suggests a much wider applicability of the method to any
lipid class that can be induced to fluoresce with Rhodamine
6G in the XJ.V. range. Reported analyses of phospholipids by
TLC and densitometry^ conflict with the findings of Biezinski 
5
et al. who were unable to quantitate these lipids. However, 
the method described here can quantitate at least one class 
of phospholipid.
A recent report by Adams and Sallee'*'^ describes the 
relative quantitation of six neutral lipid and nine phospho­
lipid classes by TLC and densitometry. Ranges of their 
method are similar to those described herein, but no data are 
presented to show adaptability of the procedure to absolute 
quantitation.
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r'l1 3.0 - 1 3 0 . 0 0.973
Cholesterol Sterol 1.0 - 3.0 3.0 - 7 0 . 0 0.986
Stearic Acid Free Fatty Acid 0.6 - 3.0 3.0 - 7 0 w0 0.980
Glyceryl Trioleate Tri glyc eride 0.6 - 3.0 3.0 - 75.0 0.981
Cholesteryl Laurate Cholesteryl
Ester
0.6 - 3.0 3.0 - 7 0 . 0 0.970
Preliminary analyses have shown quantitation of other complex lipids such as phosphatidyl 
ethanolamine and sphingomyelin and hydrocarbons such as squalene to be feasible by the 
method.
Although the standard curve passes through the origin on extrapolation, quantities below 
those stated cannot be detected.
c 13
Values for coefficient of determination represent the means from analyses of 23 standard
curves. Due to limitations in the number of different concentrations of standard lipid
that could be spotted on a single plate, these mean values were derived for various ranges.
In no case did any individual value fall below 0.950.
s-*
O
Table II - Microgram Deviations from Means of Replicate 
Analyses of Paired Aliquots
________________________ Lipid Class____
Tissue Phosphatidyl Cholesterol Free Fatty Triglyceride Cholesteryl
Choline Acid Ester
Mouse 0.0(75.0)a 0.5(22.5) 0.1(10.5) 0.2(9.0) 0.3(6.3)
Fibroblasts
Chick 0.0( 1.0) 0.0( 3-4) -b
Fibroblasts
Chick Kidney 0.8(25.^) 1.0(l9»0)
Epithelial - 0 . 2 ( 2 . 8 ) - 0 .5 (3 .2)
Cells
Duck Kidney - - 0.0( 3.2) 0.3(3*6 ) 0.2(l.8)
Epithelial cells
Pigeon Aorta 0.3( 4.9) 0.0( 3*0) 0.2( 2 .9 ) 0 .2 (3 .8 ) 0.1(2.4)
cells 0 .l( 6 .5 ) - 0 .1 ( 4.4) - 0 .1 (3 .5 )
Chick Liver - 0.2(25.2) 0.5(ll.3) - 0.3(6.9 )
Homogenate - - 0.l( 4.3) *■
Mean of Microgram 0.2 0.3 0.2 0.3 0.2
Deviations
Values represent differences of replicate analyses from the mean values which are given 
in parenthesis.
bBlank areas in the table for particular classes of some biological samples are due to 
different ratios of one class to another in various cells and tissues. In some cases
minor components fell below the lower limit of detection, and large samples necessary
to detect the minor classes caused major classes in these systems to be elevated above
the upper limits of quantitation.
Table III - Recoveries of Standard Lipids Added to Various 











No. of Amount of Standard Amount of 
Analyses Lipid Added(ug) Biological
Lipid(ug)a





1.0 -  30.0
1 . 0  - 3 6 . 0
1 . 0  - 3 6 . 0
1 . 0  - 3 0 . 0
1 . 0  - 3 0 . 0
3 . 0  - 5 6 . 0  
0.5 -  12.0
3.0 - 13.0
1 . 0  - 7 . 0
Mean $ Range of $
Recovery of Recoveries of






92.5 - 1 1 3 . 0
86.0 -  112.0
8 5 .0 - 1 1 6 . 0
82.0 - 1 1 3 . 3  
89.0 -  112.3
Lipid extracts from all sources used to determine precision were employed.
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Figure 1 - Thin-layer chromatography of lipid classes in
Solvent X before (b) and after (d) hydrogenation. 
Note presence of quenching ring in Free Fatty Acid 
fraction prior to hydrogenation farrow). A and C 
are saturated standard lipids. (l = Cholesteryl 
Ester; 2 = Triglyceride; 3 = Free Fatty Acid; k = 
Sterol; 5 = Unidentified; 6 = Origin, including 
Phospholipid).
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ABSTRACT
Lipid content in straight portions of the upper 
thoracic aorta and in muscular foci from the celiac bifurca­
tion of atherosclerosis-susceptible White Carneau and athero­
sclerosis-resistant Show Racer pigeons was determined. In 
both breeds, the celiac cushion was found to contain signi­
ficantly more lipid than the upper thoracic aorta suggesting 
a localized metabolic disturbance in areas of branching. 
Furthermore, while amounts in the upper thoracic aortas of 
both breeds were similar, pre-atherosclerotic White Carneau 
pigeons had significantly more lipid in the celiac cushions 
than did the Show Racer pigeons of the same age.
Cells cultured from straight portions of the upper 
thoracic aorta of embryonic White Carneau pigeons contained 
significantly more lipid than those cultured from similar 
segments of Show Racer aortas suggesting that inherent 
factors in White Carneau aorta cells are responsible for 
lipid accumulation under conditions of physiological stress.
INTRODUCTION
The focal accumulation of lipid during atherogene- 
sis has been demonstrated in branched portions of the aorta 
Clarkson et a l t, 1959; Me Gill, Geer, and Strong, 1 9 6 3 ; San- 
terre et al., 1 9 7 1 a) and related to hemodynamic irregulari­
ties (Fay, 1 9 6 9 ; Gutstein et al., 1 9 6 8 ; Mitchell and Schwartz, 
1 9 6 5 ; Mustard et al., 1 9 6^; Packam et al., 1 9 6 7 ; Texon, 19^3; 
Haimovici, 1 9 6 8 ). However, attempts to describe the factor(s) 
which causes these foci to accumulate lipid have been limited 
since micro-analytical procedures to quantitate the lipid in 
early atherosclerotic foci have only recently become available. 
Previous studies used pooled involved and non-involved areas of 
the aorta for lipid analyses which minimized or obscured differ­
ences existing at particular foci (Portman, 1970)•
In order to test the hypothesis of altered metabolic 
capabilities in cells at these specific foci, an animal 
system was needed which contained individuals differing in 
susceptibility to spontaneous atherosclerosis. Santerre 
et al., (1971a) described muscular foci at the celiac bifur­
cation of atherosclerosis-susceptible White Carneau and 
resistant Show Racer pigeons as a model for the study of 
metabolic parameters associated with atherogenesis. He 
concluded that: (l) although the celiac cushion or smooth 
muscle cell aggregation was probably a non-pathological
2feature, occurring equally in both breeds, it was, neverthe­
less, a necessary prerequisite for eventual formation of 
atherosclerotic lesions in susceptible individuals; and 
(2 ) since the celiac foci of the susceptible breed always 
became more severely atherosclerotic than that in the 
resistant breed, subsequent alterations in White Carneau 
smooth muscle cells within theses aggregations must have 
occurred.
This communication presents differences in lipid 
content between straight portions of the upper thoracic 
aorta and celiac cushions within the same bird and between 
the celiac cushions of susceptible White Carneau and resist­
ant Show Racer pigeons prior to the development of microscop­
ically visible lesions. Data are also presented which demon­
strates a similarity between patterns of lipid accumulation in 
pre-atherosclerotic foci in vivo and in aorta cells cultured 
from straight portions of susceptible embryonic pigeon aortas.
MATERIALS AND METHODS 
In Vivo
Three to six-month-old, pre-atherosclerotic (Santerre 
et al., (1971a)) White Carneau and Show Racer pigeons were 
obtained from the Palmetto Pigeon Plant, Sumter, S.C. The 
birds had been housed in fly coops and fed a mixture of 
yellow corn, wheat, peas, kafir and Palmetto Health Grit.
Aortas were removed from exsanguinated pigeons, 
placed in Hanks Balanced Salt Solution (HBSS) and
3dissected free of adventitia. After being longitudinally 
split, one millimeter square pieces of aorta were excised 
from both left and right cushions of the celiac bifurcation 
(Santerre et al., 1971t>)* Samples of the upper thoracic 
aorta between the aortic arch and the ductus arteriosi were 
taken from the same aorta for comparisons. Following homo­
genization of the tissue samples in saline, lipids were 
extracted according to Folch et al., (l957). After extrac­
tion, lipids were separated by thin-layer chromatography 
(Blank et al., 1964), into phospholipids, sterol, non- 
esterified fatty acid, triglyceride, and cholesteryl esters. 
Squalene was separated according to Stahl, (1959)• Ali 
lipid classes except phospholipids were quantitated fluoro- 
metrically in situ (Nicolosi et al,, 1971)• Phospholipids 
were eluted and evaluated colorimetrically using phospha­
tidyl choline as standard (Chalvardjian and Rudnick, 1970).
Deoxyribonucleic acid (DNA) content of the samples 
was determined by the micro-fluorometrie method of Kissane- 
Robins (1958) modified to accommodate sample sizes of 0.1 - 
10 ug DNA and for use with a Turner filter fluorometer.
Data from the celiac cushions of the White Carneau 
and Show Racer pigeons were compared statistically using 
Student's t-test for group means while comparisons between 
the upper thoracic aorta and celiac cushion for each breed 
were performed using Student's t-test for differences between 
paired samples.
4In Vitro
Aortic cells from embryonic upper thoracic aortas 
of each breed were cultured for sixteen days according to 
the method of Smith et al., (1 9 6 5 ). The sixteen day pro­
liferation time was chosen from the results of an electron 
microscope study. This study revealed that the cultured 
aortic cells at this interval were predominately smooth 
muscle cells which morphologically resembled those observed 
in the celiac cushion of pre-atherosclerotic pigeons (Wight 
et al., 197l)* Cells were harvested by centrifugal filtration 
(Nicolosi et al., 1971)• Lipid extraction, chromatographic 
separation, fluorometric quantitation and DNA analyses 
were similar to those carried out with in vivo samples.
Data from these in vitro studies were analyzed using 
Student's t-test for paired analyses.
RESULTS
Analyses of the upper thoracic aorta (Table i) 
revealed no significant differences between breeds in any 
lipid class except phospholipid (WC > SR). However, it 
must be pointed out that due to the small amount of total 
lipid present in the upper thoracic aorta, this difference 
may be of marginal importance.
Comparisons of the celiac cushions between breeds 
(Table II) indicated that the susceptible White Carneau 
had significantly more lipid in the form of squalene, 
cholesteryl ester and non-esterified fatty acid than did 
the resistant Show Racer pigeon. The susceptible breed
5had proportionately more squalene than the resistant, and 
the latter had a greater percentage of phospholipid.
Comparisons of the lipid content in the upper thor­
acic aorta with that in celiac cushions from the same aorta 
for each breed (Table III) indicated that amounts of all lip­
id classes in the celiac cushions of both breeds were sig­
nificantly greater than in the upper thoracic aorta.
Although analyses of the upper thoracic aorta dem­
onstrated no significant breed differences between lipid 
classes except phospholipid, cells cultured from this area 
of embryonic aortas showed significant breed differences 
(WC> SR) in squalene, cholesteryl ester, and total lipid 
(Table IV). These differences were very similar to those 
observed between celiac foci of the two breeds in vivo.
DISCUSSION
The significantly greater accumulation of lipid in 
the celiac cushion as compared to the non-branched upper 
thoracic aorta, supports the idea that muscular foci at 
sites of branching have grossly altered metabolic patterns 
as suggested by Santerre et al., (l971a» 197Tb).
The fact that the atherosclerosis-susceptible White 
Carneau accumulates significantly more lipid than the re­
sistant Show Racer at this location in contrast to the lack 
of significant differences in upper thoracic segments sug­
gests either a difference in metabolic capabilities between 
cells from these two breeds when stressed or a difference 
in the nature of stresses presented in each case. The former
6hypothesis appears more tenable since: there are no apparent 
anatomical differences in the aorta between breeds (Santerre 
et al,, 1971a); and, the subtle differences in serum lipo­
proteins suggested by the studies of Lewis (1970) and 
Lofland et al., (i9 6 0 ) seem too small to account for the 
large breed differences found at the young ages examined 
in this study.
Of the individual classes which accumulate in celiac 
foci in vivo (TableH), the hydrocarbon, squalene, predomin­
ates. The presence of squalene has been reported in normal 
and diseased human aortas (Garbuzor et a l ., 1 9 6 5 ; Brooks et
al., 1 9 6 6 ), in normal rabbit aortas (Stefanovich and Kaji- 
yama, 1970) and in diseased pigeon aortas (St. Clair et a l ., 
1968), Isotope experiments using either acetate or mevalonate 
in the pigeon (St. Clair et al., 1 9 6 8 ), rat (Daly, 1971)» 
and rabbit aorta (Avignan et al., 1971) have demonstrated 
up to 6 0$ incorporation of labeled precursor into the squa­
lene fraction. Squalene concentration has also been correl­
ated with severity of atherosclerosis (St. Clair et al., 
1 9 6 8 ). This predominance of squalene perhaps indicates an 
hypoxic condition at this site in which oxygen supply is 
inadequate for cyclization of squalene to cholesterol, 
(Lazzarini-Robertson, 1 9 6 8 ).
The presence of cholesteryl esters in the celiac 
cushions (WCi SR) has been demonstrated in aortas from other 
animal species by several investigators who were also able 
to correlate its accumulation with severity of the disease
7(Lofland et al., 19&5f Bottcher, 196lj Mead and Gouze,
1 9 6 1 ; Insull and Bartsch, 1 9 6 6 ; Day and Wahlqvist, 19705 
Smith, 1 9 6 5 ). The accumulation of cholesteryl esters may 
indicate the beginning of initial stages of the disease 
process in these grossly normal cushions.
The significantly greater concentrations of non- 
esterified fatty acid in the celiac cushions of the White 
Carneau and in the cushion areas of aortas of each breed 
provide an explanation for results of the respiration studies 
of Santerre et al., (l971b). Respiratory control ratios 
(RCR), a measure of oxidative phosphorylation integrity 
(Chance and Hess, 1959)» were found greater in straight 
portions of the aorta than in cushions and were also greater 
in cushions of the Show Racer when compared with those of 
the White Carneau. Although the effects of other lipid classes 
on oxidative phosphorylation are not well documented, non- 
esterified fatty acids are potent uncouplers of oxidative 
phosphorylation (Vasquez-Colon et al., 1 9 6 6 ). The correla­
tion appears quite interesting although further work is 
necessary to establish the sequence of events involving 
lipid accumulation and altered respiratory control.
The higher phospholipid values (both relative and 
absolute) for the resistant Show Racer in the celiac cushion 
might suggest that the resistant breed can deal with surplus 
lipid by utilizing its phospholipid to disperse neutral 
lipid in a form that can be readily excreted (Dixon, 1958).
8The use of tissue culture as a tool in the study of 
inherited diseases of cell metabolism is well documented 
(Brady, 1971? Danes, 1 9 6 9 ). The rationale for use of cell 
cultures in this study was that the stresses resulting from 
the culture of cells derived from upper thoracic areas might 
cause manifestation of metabolic abnormalities to produce 
lipid accumulations similar to those found in celiac cushions 
in vivo if a metabolic defect does, in fact, exist in cells 
of susceptible White Carneau.
The findings in vitro do indicate that under the 
stress of culturing White Carneau aorta smooth muscle cells 
contain more lipid than similar Show Racer cells. Lipid 
class analyses of these cultured aortic cells (Table XV) 
reflect a pattern similar to the analyses in vivo, signifi­
cant breed differences being noted in squalene, cholesteryl 
ester, triglyceride and total lipid. The lower values for 
squalene in vitro might be explained by a more aerobic en­
vironment in culture which is not conducive to squalene accu­
mulation. Lazzarini-Robertson, (1 9 6 3 ) demonstrated that only 
when nutrient oxygen levels were below 5$» did squalene 
accumulate significantly in cultured human intimal cells.
Smith et a l ., (1 9 6 5 , 1 9 6 6 ) previously demonstrated
a mitochondrial defect in White Carneau aorta cells in vitro 
presumably due to a deficiency of arachidonic acid. Mito­
chondria in these cells lacked mitochondrial ATPase activity 
and were deficient in oxidative capability. It was suggested 
that the inherent defect in oxidative capacity led to lipid 
overloads and transformation of mitochondria to lipid vacuoles .
9The results of this study suggest another explanation, 
Non-esterified fatty acids produced by hydrolysis of the 
greater amounts of accumulated cholesteryl ester and tri­
glyceride might uncouple oxidative phosphorylation rendering 
White Carneau cells ATP deficient and, therefore, incapable 
of metabolizing lipid overloads.
Discrepancies between the patterns of phospholipid 
levels and proportions when compared between celiac cushions 
of both breeds and between cells in vitro cannot be explained, 
although Day et al,, (1 9 6 6 ) showed that the phospholipid 
content of cultured intimal foam cells was only 1$ of that 
which occurred in the aortic intima. These workers suggested 
the possibility of excretion of phospholipids into extracellu­
lar spaces. This is in agreement with the conclusion of 
Adams et al., (1 9 6 3 ) who demonstrated histochemically that 
phospholipid is predominately distributed extracellularly in 
the rabbit lesion.
This study suggests that in responding to stresses 
occurring at sites of aortic branching, smooth muscle cells 
in atherosclerosis-susceptible White Carneau pigeons accumu­
late greater amounts of lipid to initiate the atherosclerotic 
process. However, neither the stresses leading to this 
lipid accumulation nor the defect in White Carneau cells 
aggravated by these stresses has been identified.
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Lipid/ug DNA.
Values in parenthesis are corresponding relative percentages.
Q
Difference between breeds significant, p < 0.05.
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Table II
Lipid Content of Celiac Cushions in Three to
Six-vMonth-Old White Carneau (WC) and
Show Racer (SR) Pigeons
Lipid Class WC SR
Hydrocarbon 90.1 + l4.0a,c 33.5
+ 4.1C
( 5 8 . 2
+
3.2)b (35.0
+ 1 .0 )
Cholesteryl 17.3
+
1 3 ■ ld 8 . 2
+ i.od
Ester (1 1 . 2 T 0 .1 ) ( 8 . 6 1 .0 )








+ d0 * 5 1.7
+ 0 .2d
Fatty Acid ( 2.4 + 0 .6 ) ( 1 . 8 + 0.3)




+ 3 .2 ) ( 9.8 + 1.3)
Phospholipid 22.9
+ 5 . 0 34.1 +1 2.6
(l4.8 + 1.6)° (35.7
T
3 .3 )
Total 154.8 ± 
(100.1)
20. 7d 95.6 t 
(100.0)
3 . ld
ct ^Values are means from four aortas - S.E.M. expressed in 
ug Lipid/ug DNA,
Values in parenthesis are corresponding relative percentages, 
differences between breeds significant, p <0.01. 
differences between breeds significant, p < 0 .0 5 .
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Table III
Differences in Lipid Content Between the Upper Thoracic
Aorta and Celiac Cushions of Three to Six-Month-Old
White Carneau (WC) and Show Racer (SR) Pigeons
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+ 2 3 .2 b 93.3
+
3.3b
3, ^Values represent mean difference - S.E. of the mean difference 
(expressed in ug Lipid/ug DNA'between celiac and thoracic 
portions of each of the aortas in Tables I and II. Values 
in parenthesis are the corresponding figures for relative 
percent.
Thoracic < celiac cushion, p<0.01. 
cThoracic < celiac cushion, p <0.05*
Thoracic > celiac cushion, p <0.05.
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Table IV
Lipid Content of Aorta Cell Cultures from
White Carneau (WC) and Show Racer
(SR) Pigeons
c
Lipid Class WC SR Standard Error
Hydrocarbon 1 2 . 3 ^ 7.ld 1 . 0




Ester (25.3) (2 2 .0 ) (1.9)
Triglyceride 11.3e 7.3e 1.2
(2 3 .*0 (2 3 .0 ) (2.9)
Non-Esterified 2.8 2.1 0.7
Fatty Acid ( 5.8) ( 6.6) (1.6)
Sterol 3.9 3.3 0 . 9
( 8.1) (10.4) (1.7)
Phospholipid 5.8 5.0 0.7
(12.3) (15.7) (1.9)
Total 48.3s 3 1 .8 3 4.1
(100.4) (lOO.o)
Q
Values are means from ten paired culture pools expressed in 
ug Lipid/ug DNA.
Values in parenthesis are corresponding relative percentages.
Standard error of the mean difference between values in 
paired experiments.
dWC > SR, p < 0.001.
eWC > SR, p < 0.01.
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TEXT
Conventional methods for harvesting stationary cell 
cultures involve either enzymatic, chemical, or mechanical 
removal of cells from the growth substrate and sedimentation 
of the cells at low centrifugal forces (l). However, in our 
experience all of these procedures caused loss of vacuolated, 
lipid-laden cells cultured from embryonic pigoen aortas (2 ), 
Methyl cellulose (0.1$), added to prevent cell breakage was 
difficult to remove from the cells and interfered with 
subsequent extraction of lipid. Efforts, therefore, were 
directed toward recovery of both cells lost and components 
released from cells broken during harvesting. This communi­
cation describes a simple centrifugal filtration procedure 
which permits collection of cells, fragments, and molecular 
complexes such as deoxyribonucleic acid (DNA) and lipid.
The DNA and lipid contents of vacuolated cells collected by 
conventional sedimentation are compared with those of cells 
harvested by centrifugal filtration.
Intimal cells cultured from aortas of 1 7 day White 
Carneau pigeon embryos (3 ) were allowed to proliferate for 
12-14 days and examined under phase contrast microscopy to 
assess the condition of the cells. After gently agitating 
the flask and decanting culture fluids containing dead, non­
attached cells, cells in the monolayer were removed from the 
culture vessel by trypsinization or scraping with a rubber
1
2policeman, and collected directly by centrifugation or by 
centrifugal filtration.
The cell suspension and washings from the culture 
flask were transferred to a siliconized microhomogenizer 
tube and centrifuged at 3200xg for 30 minutes. For centri­
fugal filtration, the supernatant containing unsedimented 
lipid-containing cells and components from broken cells 
was completely transferred to an XM-300 Centriflo Membrane 
Cone (Amicon Scientific Systems Division, Lexington, Mass.). 
This filter is specified to retain complexes with molecular 
weights equal to or greater than 300,000. Cells and cell 
components were separated from the supernatant by forcing 
the fluid through the cone with a centrifugal force of 
2100 x g for 30 minutes. The residue remaining on the cone 
was removed in 1.0 ml physiological saline and added to the 
original cell pellet in the microhomogenizer tube.
Cell residues from each procedure were homogenized 
manually in saline with a glass pestle for 15 minutes. After 
homogenization, an aliqout was taken for DNA analysis (^), 
and the remaining homogenate was transferred to a size A 
tissue grinder fitted with a motor driven teflon pestle.
In the centrifugal filtration procedure, the filter cone 
was also rinsed with chloroform-methanol (2/l, V/V), and the 
rinses added to the tissue grinder. Lipid was then extract­
ed from the homogenates by the method of Folch, et al. (5)»
3Preliminary lipid analysis of pigeon aorta cells in­
dicated that cholesteryl ester and triglyceride were the 
predominant lipid constituents. Therefore, these two classes 
were chosen to compare lipid contents of cells collected by 
the two procedures. Quantitation was accomplished by in 
situ fluorimetric analyses of the appropriate spots separa­
ted on thin-layer chromatograms (6).
All cultures of aorta cells used in this study con­
tained predominantly vacuolated cells as observed by phase 
contrast microscopy. Comparisons between DNA, cholesteryl 
ester, and triglyceride contents of cell culture pools har­
vested by sedimentation or centrifugal filtration are pre­
sented in Table 1, No differences in analytical results 
were apparent between cells removed by trypsinization or by 
scraping in either collection procedure, so results from 
these methods were pooled. The DNA recovered by filtration 
was 1,64 times that obtained by sedimentation of cells and 
indicates that at least 40$ of the cells are lost in the 
latter collection procedure. Since White Carneau aorta 
cells in vitro are known to contain lipid vacuoles (2), the 
greatly increased amounts of cholesteryl ester (l8.9 fold) 
and triglyceride (9*0 fold) recovered by filtration suggest 
that cells lost during conventional sedimentation collection 
are largely those containing significant amounts of lipid. 
Whether this loss is due to greater fragility or to the low
hdensity of lipid-laden cells was beyond the scope of our 
studies.
Centrifugal filtration provides a simple method to 
recover cells which do not sediment at low centrifugal forces, 
and also to collect components of those fragile cells which 
break at low centrifugal forces. Since this procedure was 
developed primarily for subsequent biochemical analyses of 
cell culture pools, no assessment was made of the number of 
intact or viable cells recovered. However, it would appear 
feasible to adapt the technique to recovery of cells of 
various densities separated in the fractions of a density 
gradient procedure (7)•
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TABLE 1




ug CE/ ug DNA
ug TG/ ug DNA
Sedimentation
4.8 ± 0.8b (l3)a
1.2 + 0.5° (6) 
1.2 + 0.3d (6)
Centrifugal Filtration
7.9 ± 0.9b (1 6 )
22.9 + 2.6 ° (8)
10.8 + 2.2d (8)
a Values are means + standard errors of the mean for analyses of the number of
cell culture pools indicated in parenthesis, 
b Significantly different (p<0.02) by "t” test for difference between group means,
c Significantly different (p<0.0l).
d Significantly different (p<0.0l).
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